The aim of this study was to investigate the relationship between changes in serum free amino acids, muscle fatigue and exercise-induced muscle damage during a half-ironman triathlon. Twenty-six experienced triathletes (age = 37.0 ± 6.8 yr; experience = 7.4 ± 3.0 yr) competed in a real half-ironman triathlon in which sector times and total race time were measured by means of chip timing. Before and after the race, a countermovement jump and a maximal isometric force test were performed, and blood samples were withdrawn to measure serum free amino acids concentrations, and serum creatine kinase levels as a blood marker of muscle damage. Total race time was 320 ± 37 min and jump height (-16.3 ± 15.2%, P < 0.001) and isometric force (-14.9 ± 9.8%; P = 0.007) were significantly reduced after the race in all participants. After the race, the serum concentration of creatine kinase increased by 368 ± 187% (P < 0.001). In contrast, the serum concentrations of essential (-27.1 ± 13.0%; P < 0.001) and non-essential amino acids (-24.4 ± 13.1%; P < 0.001) were significantly reduced after the race. The tryptophan/BCAA ratio increased by 42.7 ± 12.7% after the race. Pre-to-post changes in serum free amino acids did not correlate with muscle performance variables or post-race creatine kinase concentration. In summary, during a half-ironman triathlon, serum amino acids concentrations were reduced by > 20%. However, neither the changes in serum free amino acids nor the tryptophan/BCAA ratio were related muscle fatigue or muscle damage during the race.
Introduction
Despite its current popularity, the cause(s) of fatigue in the triathlon and its underlying mechanism(s) have only recently begun to be explored. Like in other endurance disciplines, fatigue during triathlon competitions is a complex factor related to both central and peripheral factors that are influenced by the intensity and duration of the race, the nutritional intake during the race, the training status of the triathlete and different environmental conditions [1, 2] . In longdistance triathlons (> 60 min of duration), local fatigue has been mainly associated to depletion of muscle glycogen [3] and failure of neuromuscular transmission [4] . Local (e.g., muscle) fatigue in long-distance triathlons has also been related to the ultrastructural damage produced in the muscle fiber by the continuous muscle contractions [5] . In fact, the concentration of blood markers of muscle damage (e.g., myoglobin and creatine kinase) has been related to the decrease in muscle function during a half-ironman triathlon [2, 6] . A similar relationship between exercise-induced muscle damage and muscle fatigue has been found in other endurance sport disciplines, such as the marathon [7, 8] .
The development and extent of fatigue (both local and central) reached during an endurance competition can be affected by the serum concentrations of essential amino acids [9] . Essential amino acids are biomolecules that cannot be synthesized de novo by the human body, and therefore they must be supplied in the diet to obtain normal/physiological serum values. Despite the absence of synthesis in the human body, essential amino acids play a crucial role in the protein synthesis and thus, they are necessary for a myriad of physiological functions [10] . Of the essential amino acids, the branched-chain amino acids (BCAA), and leucine in particular, are considered as the most relevant amino acids, especially for exercise physiology. During and after exercise, BCAA intervene in the muscle protein synthesis by stimulating mRNA translation [11] and they prevent muscle proteolysis by inhibiting mechanisms that involve the mammalian target of rapamycin [12, 13] . Furthermore, BCAA can be oxidized extrahepatically in the skeletal muscle tissue to produce energy although its contribution to energy expenditure is only noteworthy during endurance exercise [14] .
Supplementation of BCAA has proven to be effective to accelerate recovery after exerciseinduced muscle damage [15] [16] [17] [18] [19] although its effectiveness to improve physical performance is unclear [20] [21] [22] [23] [24] [25] . The utilization of serum BCAA can reduce protein turnover in the active muscle and they can be physiologically essential to ameliorate the muscle fatigue experimented during a triathlon once known that muscle damage is directly related to fatigue in this sport [2, 6] . To our knowledge, no study has investigated whether the changes in serum BCAA are related to the extent of muscle damage and muscle fatigue attained during prolonged exercise.
Essential amino acids, especially BCAA, can also play a role for reducing central fatigue during endurance exercise [26] . It is well known that exercise raises the release of the neurotransmitter serotonin (5HT) into the brain and for some time it has been hypothesized that 5HT contributes to central fatigue during exercise [27] due to its relationship with sleep and lethargy [9] . The "tryptophan-5HT-central fatigue theory" proposes that an increase in the level of 5-HT in a presynaptic neuron would lead to and increased amount of 5-HT being released into the synapse upon stimulation, ultimately producing central fatigue [26] . According to this theory, the rate of 5HT synthesis is regulated by the concentration of tryptophan in the blood [28] . Thus, an increase in serum tryptophan levels can rise 5HT concentration into the brain, leading to the development of central fatigue. Although this hypothesis has been tested by several investigations [22] [23] [24] [25] , has also been refuted the interrelationship between increased blood tryptophan and central fatigue [29] .
BCAA have been proposed to alleviate central fatigue due to their ability to compete with tryptophan in crossing blood-brain barrier. BCAA use the same transporter as tryptophan to pass through the blood-brain barrier and thus, the tryptophan/BCAA ratio into circulating blood has been suggested as an essential factor for 5HT synthesis [30] . Therefore, the decreased serum tryptophan/BCAA ratio would reduce the cerebral uptake of tryptophan and subsequently, 5HT synthesis [23] . There is evidence that BCAA intake influences physical performance but most investigations that have found a limited 5HT synthesis with BCAA supplementation have been performed on animal models [31, 32] . For instance, exercising rats prefer a BCAA-based solution over water during times of intense exercise [31] . In addition, adult male rats fed with a BCAA-fortified diet increased the volume of free physical activity [31] . In horses competing in long distance rides of different lengths, it has been found that the utilization of serum BCAA is more important the longer the distance, while the tryptophan/ BCAA ratio was higher in the longer distances races [32] . In humans, the increased availability of serum BCAA induced by pre-exercise BCAA intake did not change sprint [33] or endurance performance [14, 22, 27] although it increased exercise intensity at lactate threshold [25] , upper body muscle power [34] and the rate of perceived recovery after strenuous exercise [24] . In any case, the association between the ergogenic effect of the BCAA administration and the reduction of 5HT production into the brain has not been tested in humans.
The aim of this study was to investigate the relationship between the changes in serum free amino acids and physical performance variables during a half-ironman triathlon. We hypothesized that triathletes with a higher reduction of serum BCAA (measured by pre-to-post-race change in serum BCAA concentration) would have ameliorated muscle damage and muscle fatigue during the race. A second hypothesis was that triathletes with a higher tryptophan/ BCAA would have a reduced performance during the race due to the "tryptophan-5HT-central fatigue theory".
Methods

Ethics statement
All the participants were informed of the risks and discomforts associated with the investigation and signed a written consent to participate. The study was specifically approved by the Camilo Jose Cela University Ethics Committee in accordance with the latest version of the Declaration of Helsinki.
Subjects
Twenty six male healthy and experienced triathletes volunteered to participate in this investigation. Potential participants with a previous history of muscle disorder, cardiac or kidney disease or those taking medicines were discarded. We also discarded participants that had used protein supplements in the two weeks prior to the race. A questionnaire about their medical history, previous training, triathlon experience and best race time in half-ironman triathlon races was filled out by each participant and their main characteristics are shown in Table 1 . Swimming, cycling and running training represent the mean distance covered per week during the practices in the month prior to the race.
Experimental Protocol
Participants were instructed to perform light exercise and to avoid pain-relieving strategies (e.g., analgesic medications, manual massage, ice, etc) the two days before the race. In addition, participants were instructed to avoid any sources of caffeine and alcohol 24 h before the onset of the race. Three hours before the race, participants arrived at an area close to the start line having drunk 500 mL of tap water two hours before arrival to ensure euhydration. Participants had their habitual pre-competition meal before the race at least 2 h before arrival but diet was not standardized to avoid affecting participants' pre-competition routines. A pre-race food diary was obtained for each participant and was analyzed at a later date (PCN Cesnid, 2.0). All participants presented a proportion of 12-18% of proteins in their 24-h diet before the race. Participants rested for 10 minutes in a recumbent chair and a 5-mL venous blood sample was drawn from an antecubital vein. The blood was allowed to clot and centrifuged at 5000g to obtain serum. The serum was immediately kept at 4°C until analysis (see below). Then, participants completed a 10-min standardized warm-up and performed two maximal countermovement jumps (CMJ) on a force platform (Quattrojump, Kistler, Switzerland). Participants were previously familiarized with the jump test. After two minutes of rest, participants performed a 5-s whole-body isometric muscle strength test measured by means of a hand-held pull gauge (Isocontrol isometric EV-Pro, Spain). For this measurement, participants stand on a 50 × 50 cm iron base connected to a handle-bar by a non-elastic cable. Participants were instructed to perform a maximal pull using their whole body (mainly legs and arms) and they wore an adjustable lumbar back protector for support and protection during the test. Participants were also previously familiarized with the isometric force test.
Fifteen min before the race, participants were weighed in their competition clothes (without wetsuit; BC-418, Tanita, Japan) and no instruction about drinking or food were given for the race. The race consisted of 1.9 km of swimming, 75 km of cycling and 21.1 km of running and is commonly known as a half-ironman. During the swim section, all participants wore a wetsuit because water temperature was 18 ± 1°C. During the cycling and running sections, ambient temperature was 23 ± 3°C (range = 19-27°C) while relative humidity was 37 ± 8% (range = 32-45%). During the race, participants ingested water, sports drinks and food (mainly fruit and energy bars) ad libitum at aid stations but they were instructed to remember the amount and type of food and drink ingested during the race. Participants were instructed to avoid supplements that contained sources of branched-chain amino acids.
Within 1 min of the end of the race, participants went to a finish area and body mass, height during CMJ jumps and a whole-body isometric muscle strength test were measured in this order using the same methodology described previously. Participants then rested for 5 min and a venous blood sample was obtained and allowed to clot. Then, participants filled out a questionnaire that included items about the rate of perceived exertion (Borg scale from 6 to 20 points), perceived leg muscle soreness (visual analog scale from 0 to 10 points) and detailed type and amounts of fluid and food intakes during the race.
The serum portion of each blood sample was analyzed within 48 h for osmolality (1249, Advance 3MO, Spain), creatine kinase concentration (AU5400, Beckman Coulter, US) and serum free amino acid concentration (HPLC; 1290 Infinity II LC Systems, Agilent, Santa Clara, CA), as previously described [35] . The amount of total amino acids, essential amino acids (valine, leucine, isoleucine, threonine, methionine, phenylalanine, lysine, tryptophan and histidine), non-essential amino acids (glycine, alanine, serine, cysteine, asparagine, glutamic acid, glutamine, arginine, tyrosine and proline), branched-chain amino acids (e.g., BCAA = the sum of valine, leucine and isoleucine) and the tryptophan/BCAA ratio were calculated using data from individual serum free amino acid concentrations.
Statistical Analysis
The normality of each variable was tested with the Shapiro-Wilk test. All the variables presented a normal distribution. Pre-to-post-race changes in all the variables were identified using Student's t test for paired samples. Pearson's correlation was used to assess the association between two variables. The data were analyzed with the SPSS statistical package version 18.0 (SPSS Inc., Chicago, IL) and the significance level was set at P < 0.05. Data are presented as mean ± SD throughout the text.
Results
The mean race time during the half-ironman triathlon was 320 ± 37 min. By sectors, participants took 42.1 ± 8.3 min to complete the swimming, 158 ± 16 min to complete the cycling and 112 ± 18 min to complete the running sections. These times represent 13.2, 49.3 and 34.9% of the total time employed to finish the race. From 30.5 ± 5.1 cm, maximal height during CMJ was reduced to 25.2 ± 4.9 cm after the race, representing a mean reduction of 16.3 ± 15.2% (P < 0.001). Similarly, maximal isometric strength was reduced from 1297 ± 301 to 1104 ± 257 N after the race which represents a mean reduction of 14.9 ± 9.8% (P = 0.007). During the race, body mass changed from 74.1 ± 7.5 to 71.8 ± 7.1 kg which represents a pre-to-post-race change of -3.1 ± 1.2% (P < 0.001). After the race, the rate of perceived exertion was 16 ± 2 points and perceived leg muscle soreness was 6 ± 1 points. During the race, participants ingested 1730 ± 546 mL of fluid and 832 ± 355 kcal. From the total energy intake, 192 ± 82 g were carbohydrates, 1.8 ± 0.9 g were fats and 0.1 ± 0.1 g were proteins.
Serum osmolality and serum concentrations of total amino acids, essential and non-essential amino acids before and just after the race are presented in Table 2 . Blood serum osmolality increased by 3.8 ± 2.0% during the race (P < 0.001). However, the serum concentrations of total amino acids, essential amino acids and non-essential amino acids were significantly reduced by < 20% during the race (P < 0.001, Table 2 ). Similarly, the serum concentration of BCAA was reduced by -32.8 ± 15.6% after the race (P < 0.001). Nevertheless, the tryptophan/ BCAA ratio significantly increased from pre-to-post-race (P = 0.001). The creatine kinase concentration greatly increased during the half-ironman since post-race values were almost fourfold the ones presented before the race (173 ± 72 vs 808 ± 502 U/L; P < 0.001). Table 3 presents the serum concentration of individual amino acids before and after the half-ironman race. Except for phenylalanine and methionine, the serum free concentrations of all essential amino acids were significantly reduced after the race (P < 0.001). Serum free tryptophan concentration tended to be reduced after the race although this change was not statistically significant (P = 0.070) and was minor when compared to other essential amino acids. The individual serum free concentration of non-essential amino acids was reduced after the race although tyrosine concentration remained unchanged and cysteine concentration increased by 64.1 ± 84.9% (P < 0.001). Race time negatively correlated to post-race blood serum osmolality (r = -0.57; P = 0.002) and to CMJ change (r = -0.55; P = 0.003). However, race time did not correlate to any change in serum amino acid concentration or the post-race tryptophan/BCAA ratio ( Fig 1A) . In addition, the changes in serum amino acid concentration did not correlate to any muscle performance variable. Finally, pre-to-post-race changes of BCAA during the race did not correlate to post-race creatine kinase concentration (Fig 1B) .
Discussion
The aim of this research was to investigate the role of serum free amino acids (mainly BCAA and tryptophan) in the development of muscle fatigue and muscle damage during a half-ironman distance triathlon. For this purpose, we measured serum concentrations of free amino acids before and just after the race and we related the changes in these amino acids with specific tests to assess muscle fatigue (jump height and maximal isometric strength) and to blood markers of muscle damage (creatine kinase). The main outcomes were: a) the concentrations of essential (-27.1 ± 13.0%) and non-essential amino acids (-24.4 ± 13.1%) were significantly reduced after the race with BCAA being the group of amino acids that presented a higher reduction (Table 2) ; b) the tryptophan/BCAA ratio increased by 42.7 ± 12.7% after the race because the serum BCAA concentration was more reduced than the serum concentration of free tryptophan (Table 3) ; c) after the race, jump height (-16.3 ± 15.2%) and maximal isometric strength (-14.2 ± 9.8%) were significantly reduced while serum creatine kinase concentration increased 4 fold. However, these muscle performance decrements were unrelated to the changes of serum free amino acids produced during the race or to the increase in the tryptophan/BCAA ratio ( Fig 1A) . These data suggest that serum free amino acid are used by active and non-active muscles during prolonged exercise (> 300 min) but their changes did not play a major role in prevention of muscle fatigue or muscle damage during a long-distance triathlon. Besides, a lower tryptophan/BCAA, an indirect indicator of reduced central fatigue, did not prevent muscle fatigue during the race, as measured by pre-to-post race changes in jump height and isometric force. Based on the high concentric and eccentric muscle demands of the three disciplines in the triathlon (swimming, cycling and running) and the duration of the race, several investigations have reported that ironman and half-ironman triathlon races lead to severe skeletal muscle damage [6, 36, 37] . Although most investigations indicate that exercise-induced muscle damage is mechanic in nature and mainly produced during the running leg [6] , other investigations indicate that lipid peroxidation can also play a role in the development of muscle damage in endurance events [38] . The main performance outcome derived from muscle fiber damage is the reduction of active muscle function as found during jump tests [6, 37] and muscular strength tests [4, 37, 39] . The breakdown of body protein during endurance exercise has been found to produce the mobilization and oxidation of amino acids in muscle fiber [40] as has been indirectly confirmed by the reduction in skeletal muscle mass found in ultra-endurance triathletes [41] . Supplementation with BCAA to increase the serum concentration of this type of amino acids has been suggested as a strategy to prevent muscle damage because of its effectiveness to promote protein synthesis [11] and to preclude proteolysis [12] . Although BCAA supplementation has been effective to reduce the symptoms of exercise-induced muscle damage in the days after the exercise protocol [15] [16] [17] [18] [19] , its effectiveness during competition has been recently questioned [22] .
In the present investigation, the concentrations in all amino acid categories were significantly reduced from pre-to-post race, although BCAA was the group of amino acids with the highest reduction during the race ( Table 2 ). The reduction in the concentration of amino acids during the race was probably produced by the uptake and oxidation of free amino acids (mainly into the active skeletal muscle) since blood was concentrated (as indicated by the increase in blood serum osmolality) and participants minimally ingested proteins during the race. These reductions suggest that serum free amino acids were used as a source of energy for muscle contraction while BCAA were likely the most used amino acid for oxidation during exercise [14] . However, the changes (e.g., reductions) of serum BCAA concentration during the whole race was not related to race time, sector times or the maintenance of jump height and/or maximal isometric strength. In addition, the changes in serum BCAA was not associated with a reduction in the concentration of blood creatine kinase (Fig 1B) , an indirect marker of muscle damage. All this information proposes that, despite BCAA constituting an energy source during a half-ironman race, the oxidation of these endogenous amino acids was not related to a better physical performance or to reduced muscle damage during the triathlon.
During endurance exercise, free fatty acids (FFA) are mobilized from adipose tissue and are transported via the blood to the muscle to serve as a fuel for muscle contraction. Both FFA and tryptophan compete for binding to albumin and thus, the increase in FFA serum concentration produced during prolonged exercise prevents/limits the binding of tryptophan and albumin, increasing the concentration of serum free tryptophan. On the other hand, the uptake of BCAA by the active muscle as a source of energy produces that the tryptophan/BCAA ratio greatly increases during exercise [42] . According to the "tryptophan-5HT central fatigue hypothesis" the increase of the tryptophan/BCAA ratio in the blood results in a higher transport of tryptophan across the blood-brain barrier because BCAA and tryptophan compete for the same large neutral amino acid (LNAA) transporter [43] . Thus, an enhanced entry of tryptophan into the brain would lead to increased 5HT levels in specific areas of the brain facilitating the release of 5HT from some neurons, ultimately leading to anticipated central fatigue [42] . Under this paradigm, the intake of BCAA to increase the serum concentration of BCAA would tryptophan/BCAA ratio to decrease the transport of free tryptophan into the brain, reducing the 5HT releasing into synapsis and alleviating central fatigue in several sport disciplines [14, 25, 44] .
The majority of classic and more recent studies, using various exercise protocols and several forms of BCAA administration, have not found any performance benefits derived from BCAA supplementation [21, 33, 45, 46] , although this is not always the case [23] [24] [25] . The present investigation confirms that the tryptophan/BCAA ratio is increased during a half-ironman triathlon, although most of this effect was due to a reduced serum BCAA concentration rather than increased serum free tryptophan (see Table 3 ). However, the post-race tryptophan/BCAA ratio and the pre-to-post changes in this ratio were not associated to race time (Fig 1A) or jump height and maximal isometric strength reductions. Although our investigation did not include BCAA supplementation, it suggests that participants that maintained a low blood tryptophan/ BCAA ratio did not maintain better muscle function nor did they present an improved overall performance. In fact, the absence of relationship between the tryptophan/BCAA ratio and performance variables can be related to the low level of central fatigue found after the completion of a half-ironman race [6] .
The current investigation presents some limitations with respect to the experimental design and the measurements obtained. First, this investigation compares the physiological responses of 26 experienced triathletes with different ages, previous training, and nutritional strategies during the race and thus, it includes some biological variance that could have affected the outcomes of the research. Second, the investigation was performed in an ecologically-valid context and participants were not supplemented with sources of BCAA before or during the race. It is possible that BCAA effectiveness on increasing performance and/or preventing muscle damage during exercise is present with higher serum BCAA concentrations than the ones found without supplementation. Third, there is a lack of physiological measurements during the recovery process of the marathon race. The origin of the participants hindered the obtaining of blood samples and muscle performance measurements in the subsequent days after the race. Despite of these limitations, this investigation suggests that, at "normal" serum concentrations, the role of serum free amino acids and serum BCAA is not crucial for endurance (triathlon) performance.
Conclusions
In summary, the serum concentrations of essential and non-essential amino acids were reduced during a half-ironman triathlon suggesting that this sport discipline relies in part on amino acids as a substrate for energy production. Furthermore, BCAA were the type of amino acids that presented the highest reduction during the race. The tryptophan/BCAA ratio was significantly increased during the race which might indicate that serotonin synthesis was facilitated during the last stages of the race. However, participants that maintained serum BCAA concentrations or presented a reduced tryptophan/BCAA ratio during the race did not prevent muscle fatigue or muscle damage during the race.
